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JPL OUTLINE 


• Introduction 


• Focus on Near-Term Advanced Propulsion Concepts 
That Can Be Developed for the Space Exploration 
Initiative: 

• Multi-Megawatt Electric Propulsion 

• Solar Sails 

• Tethers 

• Extraterrestrial Resource Utilization 


• Summary and Conclusions 
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INTRODUCTION 


sissrss s= 

Space Exploration Initiative (SEI) missions of the 21st Cen,u y . ronce nts discussed previously, these 

nuclear thermal propulsion and megawatt-class e' ec * ric pr °J u '? 0 j order P t0 resolve issues relating to 
APCs discussed here will require significant further research in order to reso ^ the requjred 

feasibility, performance, or mission benefit. Depending on concepts to experiments designed to 

research can range from proof-of-princ,ple experiments for far-term concepts to^expe i^e ^ ^ more 

quantify performance parameters (e.g., specific irnpuse, mission applications discussed in this 

near-term concepts. Finally, note that although most °i a , S obeused for a number of the 

presentation will be for the piloted lunar and Mars ^'sswns applied to a variety of ambitious 

. . Konafitc nf APCs the two primary figures of merit that are typically used are 
When assessing the missions benefits of APCs, tne two p y a mission trip time. The total 

the total transportation system initial mass m low ° ln«ltfn? tanks eXc T its propellant, a propellant 

as : m 

(e.g., space station), and, finally, the payload. Often IMLEO► isirsed eis tne> pmnary g , 

system) are used to offset the development costs of the advanced system. 

One interesting result ot mission trade studies of /tPCs is that *»'*"»«* 

size; in general, the -bigger- the mission 1Be m » ,e ' h '“ nell j „ Men b9Cau8e , in general, state- 

often considered for the large piloted missions of the SEI. ThisJ* h e a ™' ® *! " L A PC system- however, 
of-ttre-art ,SOA) easterns ha,e a smalt lixed S' S“ M d mass! 

Detta-vTmore rapidly Tan Tor the APC system due to the higher specific impulse (l S p) ct the APC system. 
Jf ,l m , 8 “, n WgheMhe "operations* cost's.' SSJZTaSZ. 


for missions like a lunar base buildup, trip time can impact the vehicle fleet size if the trip time IS .*°° 9 

to allow re-use of the vehicle on the required delivery schedule. Finally, trip time is especially impo ta 
fnr nilntad missions because of the effects of long exposure of humans to weightlessness or radiation, o 
the psychological sheets ol long-duration missions. This is especially important in piloted Mars missions. 
siL most hijh-thrust (ballistic) missions have trip times ot several years. As will be discussed below, 
some low-thrust APCs can reduce this trip time to one year or less. 

In general, for missions in cis-lunar space, high-thrust propulsion system, such as chemical or 
thermal generally have shorter trip times than low-thrust systems, such as electric propu sio . * 

for missions beyond the Moon, low-thrust APCs, which can thrust continuously for days to years, can have a 
shorter trip time than high-thrust systems which must coast ballistically to their target. us, 
show a trip time benefit only for missions beyond the Moon. 

Finally other factors that can be of interest include the schedule requirements (i.e.. can the APC be 
developed in time to meet the mission schedule), nuclear safety (and its impact on operations e y 

vehicles) and development costs. In the case of development costs, synergisms may exist between di e e 
aaencies- for example, the technology of the nuclear power system required for a high-power nudea 
electric propulsion vehicle is of interest to the National Aeronautics and Space Administration ( ), 

Department of Energy (DoE), and Department of Defense (DoD). 
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INTRODUCTION 


• (apc) Are Those con -p ts 


Promise Significant Mission Benefits for the Space Exploration 
Initiative (SEI) Missions of the 21st Century P 


• Require Further Research to Demonstrate/Quantify Performance 


• Primary Figures of Merit Used in Assessing APCs Are the Total 
Transportation System Initial Mass in LEO (IMLEO) and Trip Time 


• IMLEO -> Launch Costs 

• Trip Time -> Ops. Costs. 

Reliability, Fleet Size, 
Life Sciences 

• Other Factors Include 

Risk (Schedule), 
Nuclear Safety, and 
Development Costs 
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advanced PROPULSION CO NCEPTS 

As discussed previously. .0. I.=u. cl this pres.ntt.loo - M c. Ih.» 

Hl,»“ .Ttto" MWs’l VEp“nfNEt''s , irs P ,lls: 0 »lrs. , .p« ..UareiresUi.l respu-c. ulilizstion . 0 , 
propellant production will be discussed in detail in this presentation. 

g?^ss?s|li 

SSS ™ Maremissions. Also, sines IPs, sre low-in,ust s,slams, they will ha.s a longs, t„P hme lo, c,s- 
lunar missions than high-thrust concepts. 

Solar thermal propulsion is a very near-term propulsion concept {under development by the Air Force) that is 
esScialw' suitedTo cis-lunar missions; it has many of the specific impulse (l sp ) advantages of nuclear 
thermal or laser thermal propulsion, but without the nuclear reactor or laser astern mfras rue:ture o> 

Swjrrr ix'sjsz- .wsms 

LseauS the need to, a'pre-established luna, materials production inlrastrecture. There is also the need 
KhllSn. t«h" d ,o„ development ,h. threstats, although soma „ this technology ,s being addressed 

bv DoD oroarams. 


JPL ADVANCED PROPULSION 

CONCEPTS 

• Focus on Near-Term Advanced Propulsion Concepts (APC) 

Likely to Have an impact on the Lunar and Mars SEI 

• Nuclear Thermal* 

• Solar and Nuclear Electric Propulsion (MW* & MMW) 

• Solar Sails 

• Tethers 

• Extraterrestrial Resource Utilization 

• Other APCs Probably More Far-Term, Require F .-meant 

On-Orbit Infrastructure, or Don’t Satisify BotP tar and Mars SEI 

• Exotic Chemical (Atomic Hydrogen) 

• Beamed Energy (Laser, Microwave) 

• Solar Thermal 

• Rail Gun / Mass Driver 

• Fusion 

• Antimatter 


* Discussed in Previous Papers 
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Multimegawatt (>10 MW e ) SEP and NEP have the potential for both reducing IMLEO and trip time. For example 

a ® pllt ^ ar , s ™® s,on ' where ,he car 9° is sent on a slow, low-energy trajectory and the piloted vehicle is 

h!vi »n iJfpn ' Q , e K n ® rfl I ' rai ! C,0ry ; NEP and SEP caf 9° vehicles operating at tens of megawatts of power 
have an IMLEO one-third that of a chemical (0 2 H 2 ) aerobraked vehicle. This large savings in IMLEO (about 

,0r a u 40 , 0 me,riC ,0n payload) is offset somewhat by the long trip time of the low-thrust 
bbK and NEP cargo vehicles as compared to the high-thrust chemical vehicle (600 to 700 days at 10 MW e 

™nfmL~.l 9 °c 5K Ea ? h ‘ t0 ‘ Mars trip lim ®’ respectively), although the electric propulsion vehicles are 
returned to Earth for later re-use. 

However, the primary advantage of high-power electric propulsion is that it can provide the short round-trip 

^MnniniTnuw m,ss, °" ® nab ' ,n ? ,or the piloted portion of a Mars mission. For example, at power levels 
OM00 to 150 MW e , an NEP vehicle can achieve a one-year round trip to Mars. The potential for high-power 

,, EP !°. enab,a 1b,s short trip time is very important, since the round trip time of high-thrust ballistic 
trajectories (typically two to three years) far exceeds U.S. or Soviet continuous manned experience in space 
The long trip times required for piloted Mars missions raise serious health and safety issues. Most notable 
among these is the problem of long periods of weightlessness (bone and muscle mass loss, etc.). Even if 
artificial gravity is employed, there still remain the risks associated with prolonged radiation exposure 
(cosmic rays or solar flares) and the psychological impacts of confinement in small isolated groups These 

prob ems can be accommodated for trip times of one year or less based on the success of Soviet lono- 
duration space station missions. y 

Finally, both SEP and NEP are candidates for the cargo mission. The specific mass of the NEP system is 
generally tess than that of the SEP system in the multimegawatt range, so the NEP vehicle is lighter 

rucn^' an ° rbit ,rans,er vehicle (0TV > *° °P era,e from LEO to a nuclear safe orbit 

S ' typ !? a " y 1° 00 ,n altl,Ud0 ' where the NEP vehicle op ® ra,es - This infrastructure overhead, although 

a»hn ’,nh thi S Mcp k ? SyS ,!T 9 roU0hly ,he same IMLE0 35 ,he SEP s V st ® m f°r a given power level, 
g the NEP vehicle will be somewhat faster than the SEP vehicle due to its lower mass and constant 
power output. 


JPL MULTIMEGAWATT 

ELECTRIC PROPULSION 

* * or Reduced IMLEO and Short Trip Times for 
High Power ( > 10 MWe) Electric Propulsion P 1 

Short Trip Times May Be Enablin g for Piloted Mars Mission 
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foTpoie? level 6 (<1 mZ)° Thelfin aUhe higher PoweMevels^nce 

many ol the liyed-weight components become a small fraction of the total system mass. ™ „min Rankine 

E ss ,1? 

rnnrftots for MMW steady state Strategic Defense Initiative (SD1) applications. This is one of severa 
concepts being investigated by the DoE for the Strategic Defense Initiative Office (SDIO); there is a s rong 
synergism between these applications and the NEP systems discussed here. 

This fiaure illustrates the effect of power level on specific mass; for example, the specific mass v a r ' e s 
3 0 kg/kwl at 10 MW e to 1.9 kg/kW e at 200 MW e . As with many space power concepts, the system 

mass and the vehicle configuration are dominated by the waste-heat rad.ators. The vehicle IS _ configure 

such that the radiators, payload, and propulsion system are behind the o?en ed so as to not 

is olaced far away from the reactor to minimize radiation dosage, and the thrusters are oriental so as io 

impinge Ithe'exhaust plum, »„ the tedietote ahd poeeihly heat them p, depos .1 mete.ials that could change 
the emissivity of the radiators. 


IPL MMW NEP 

NUCLEAR ELECTRIC POWER SYSTEMS 

Hiqh-Power ( > 10 MWe ) Space Nuclear Power System 
• High-Temperature Dynamic Power Conversion System 

. Significant Economies of Scale _ . _ . 

Example : Solid-Core Reactor & Dynamic Rankine Cycle Based 
on Rocketdyne MMW Steady-State SDI Systems Concepts 


£ 

> V) 

> < _ 

055 ® 

a uj 5 
o» 

“iwoes 

O CL 
5 CO 


10 -YEAR^ 

REACTOR 

LIFE 

2 -YEAR * 
REACTOR 
LIFE 


ROCKETDYNE POINT DESIGNS 
(SOLID-CORE REACTOR) 


5 10 20 30 50 100 200 300 500 1000 

"BUS" ELECTRIC POWER (MWe) 


S Sm llD 15# 8 ”^-• • • • llll lllli RAD IA T O RS 


REACTOR 

HIGH-TEMP DYNAMIC 
POWER CONVERSION 
SYSTEM 



HEAT 

PIPE 


PAYLOAD 


PROPULSION 

MODULE 


- 100 m 


509 





As mentioned earlier, MMW SEP systems can compete with MMW NEP tor the Mars Cargo mission, as shown in 
this figure. Since it is non-nuclear, an SEP vehicle can operate directly from LEO, thereby avoiding the 
infrastructure overhead associated with an NEP vehicle. Also, advanced solar photovoltaic power systems 
may be directly competitive with nuclear power systems. For example, for the SEP system shown here the 
specific mass of the power system is 3.6 kg/kW e ; based on the Rocketdyne study discussed above, a nuclear 
power system with a 10-year operating life would have the same specific mass at a power of 20 MW e . 
However, the nuclear system does provide constant power whereas the solar power system's output drops off 
as it moves away from the sun. Interestingly, because efficiency of the GaAs photovoltaic cells assumed in 
this example increases with decreasing temperature, the power output is slightly better than a simple 1/R2 
distance relationship. Finally, note that it is both the lower specific mass and the constant power output 
that gives high-powered NEP the advantage in trip time over SEP. 

One potential drawback of MMW SEP is the lack of significant economies of scale at higher powers due to the 
modular nature of the solar photovoltaic arrays. In fact, there may even be negative economies of scale due 
to added structural complexity (e.g., active structure control) or increased mass and losses in the 
transmission lines. The latter effect is due to the relatively low voltage output of the solar arrays (several 
hundreds o Volts), resulting in the need for large bus bars at high powers. By contrast, the power output 

/°u ,* " UCl t af P ° wer SyStem Wllh dynam,c P° wer conversion can be at high voltages (several thousands of 
Volts), thereby minimizing transmission line losses and mass. This issue needs to be addressed in future 

5 lU OI vS« 

Another issue relating to solar photovoltaic power systems is the impact of radiation degradation on the 
cells due to passage through the Van Allen radiation belts. Other studies have shown that a single round trio 
can result m as much as a 50% degradation in power output; however, in the example shown here, no 
radiation degradation was assumed based on the assumptions of a fast trip time through the radiation belts 
coupled with techniques for minimizing cell damage (e.g.. high-temperature annealing, radiation-resistant 
aenas, e c.). The issue of radiation degradation, and its impact on vehicle performance, will continue to 
De an area requiring further technology development and mission analysis. 


L MMW SEP 

SOLAR ELECTRIC POWER SYSTEMS 


• High-Power ( > 10 MWe ) Solar Photovoltaic Power System 

• Example : Adv. GaAs Cells, No Radiation Degradation (?) 
3.6 kg/kWe Specific Mass (Little Economy of Scale) ’ ’ 

• May Be Competitive With NEP at Moderate Powers 

• Non-Nuclear - Can Operate from LEO 
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Various types of high-power electric propulsion thrusters are in development. For MMW SEP o NEP 
applications it is very desirable to have thrusters that can operate at high power levels (1 MW e or more) per 
thruster so as to minimize the number of thrusters required and thereby reduce system complexity. High 
specific’impulses (5.000 to 10.000 lbf-s/lb m ) are needed. The optimum l sp depends on the missioni ( 

V) and vehicle (specific mass, thruster efficiency, etc.), although values of l sp in excess of 10,000 f 
s /lb m tend to increase the mission trip time while only slightly reducing the IMLEO. It is also important 
that the thrusters have a high electric-to-jet power efficiency so as to maximize thrust per unit power as 

weH as reduce thermal control requirements. Finally, a long thruster lifetime is desirable to minimize the 

number of sDare thrusters needed to complete the mission. Unfortunately, there is no single type of thruster 
ZTot each o. the Waste,a discussed below has diltereo. advahlages ahd 

disadvantages. 

The two most near-term electric thrusters are the ion thruster and the self-field m a gnetoplasmadynamic 
(MPD) thruster Ion thrusters currently operate at levels of one to ten kilowatts per thruster, 

engines* maybe capable of a megawatt per thruster. By contrast, MPD thrusters begin to operate efficiently 

at ^powers Jf about a megawatt (or more) per thruster. Both ion and MPD thrusters can operate a high l sp , 
although low molecular weight propellants (e.g., H 2 ) may be required for MPD thrusters °P ara,m 9 at a " S P 
10 000 lb,-s/lb m . The efficiency and lifetime of ion thrusters (70% to 90% and tens of thousands of hours, 

respectively) are greater than that of MPD thrusters (40% to 60% and hundreds to tho ^ san J s ° f 
respectively). Thus, there is no clear winner between ion and MPD thrusters; developmen o o typ 
continue since one may be favored over the other for some classes of missions, but not for all. 

Several other advanced electric thrusters are currently in the research stage. Two examples of these are 
the electron cyclotron resonance (ECR) thruster and the ion cyclotron resonance (ICR) thruster. In both of 
these microwave energy is used to excite and energize the propellant to produce a^high-energy P lasr " a w 
is controlled and directed by externally applied magnetic fields. The more near-term of thei two. the ECR 
thruster couples the microwave energy to electrons in the plasma. The ECR thruster is potentially scaiaoe 

over a'range of kilowatts to many megawatts per thruster. It can operate at lon'^MPD thrusters/ 
(50% to 80%) and high l sp . Interestingly, because it is an electrodeless device (unlike on or MPD t ). 

it has the potential for very long thruster lifetimes. Also, because it is an electrodeless device, the 


thruster can use a variety of propellants, including oxidizing propellants such as oxygen derived from 
extraterrestrial resources. 

In the ICR thruster, under development at MIT, microwave energy is coupled to ions in the plasma. This far- 
term thruster concept would operate at many megawatts per thruster at high l S p (with hydrogen 
propellants), and at a moderate efficiency (50%). One unique feature of the ICR thruster concept is its 
ability to continuously vary lsp over the course of a mission so as to optimize vehicle performance (i.e., 
lower l sp and thus higher thrust for planetary escape or capture followed by higher l S p for the heliocentric 
transfer). Although most electric propulsion thrusters can also vary their l S p, they typically do so with 
some loss in performance (e.g., efficiency). The ICR thruster is designed to permit easy and efficient 
variation in l sp to meet the needs of the mission trajectory. 



JPL MMW EP THRUSTERS 

' ^NTd^pe^Thrlster 6 " E ' e0,ric ThrUS,ers in Develo P men ' 
H^E^indZ® SisSir » D6Sirable (MiSSi0n ^Pendant) 

• Ability to Use Common or ET-Resource Derived Propellants Desirable 
Near-Term : Ion and MPD Thrusters 

• Ion : Low-to-Medium Power/Thruster, J 

High Isp, High Eff., Medium-to-Long Life HM&tg 

• M £°J High PowerfThruster, High Isp (w/ H 2 ), 

Medium Eff., Medium Life (Electrode Erosion) ^wnm U nBlj |fej 

Mid-Term : Electron Cyclotron Resonance (ECR) Thruster ^ 

• Microwave Energy Coupled 

to Electrons in Plasma B | 

■ 'SSE'ft • High tap, 

Medium Eff., Can Use 02, etc. v wwii gr 1 - - — 

• Long Life (Electrodeless) E3 1 *^ 

Far-Term : MIT Ion Cyclotron Resonance (ICR) Thruster 

Microwave Energy Coupled ■ ■DooaoaDHa ___ 

to Ions in Plasma i---—■ 

• High Power/Thruster, High Isp. | | 

Medium Eff., H2 Propellant ■ ■ d d d d d d o ■ 
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Multimegawatt electric propulsion, unlike most near-term Advanced Propulsion C P . because 

for reducing both the IMLEO and trip time for ambitious missions of the SEI In particular. MMWNE 
of its ability to provide short trip times, may be enabling for the piloted Mars miss, °"- te ^ ° . lh 
mission performance, an MMW NEP system is lighter and faster than a similar-power^ SEP system. bu * 

NEP system does have the added overhead and complexity of nuclear opera '° ns and ' h ® ^ ®iass NEP 
infrastructure required to support space-based nuclear power systems F.naly, although 100 MW# dass Nl ■ 
vehicles are required for piloted Mars missions, NEP or SEP vehicles at power evels of a few tens of 
megawatts are attractive for the cargo mission where reductions in IMLEO, rather than trip time, 

important. 

Current technology programs are addressing several of the technologies of interest here. However in 
several cases, only low power applications are being pursued; these programs will need t0 be 
cover the MMW regime. The DoE is evaluating several MMW nuclear power system concepts ° E p V ehide 
Steadv-state systems (rather than burst-mode systems) are of special interest to the MMW NEP vehicle 
concept. For SEP, both the Lewis Research Center (LeRC) and the Jet Propulsion laboratory ( . ^ 

investigating high-power solar arrays. Both ion and MPD thrusters are being developed at LeRC and JPL, 
although little work has been done on megawatt-class ion thrusters. Finally the two .advancedI festers 
discussed earlier are in the basic research stage; the ECR thruster ,s being studied at JPL and Caltech, the 

ICR thruster at MIT. 

Technology needs for MMW EP include those of large space structures, power, and thrusters. For the nuclear 
systems the required technologies include MMW reactors, dynamic power conversion systems and 
lightweight radiators. Note that there may be some significant differences between _ power systems 
designed for SDI applications and NEP vehicle applications, such as in the area of ■hardness or vuinerab ity^ 
In the area of solar power systems, there is a need for lightweight, high-efficiency, radiation-degradati \o 
resistant cells and substrates. High-temperature, high-efficiency cells are alsoimportant m the laser- 
electric propulsion concept, in which a laser beam (rather than sunlight) is used to power an SEP-type 

vehicle. 

For ion thrusters, there is a need to develop thrusters with a high power (megawatts) per thruster. There is 
also a need to demonstrate high-l sp and high-efficiency operation of ion thrusters using common propellants 


such as argon or krypton, since the xenon currently used is very expensive and may not be available in the 
quantities required for the Mars SEI. There is also a need to demonstrate high power-per-thruster operation 
of MPDs although this is currently more a facilities limitation than a thruster limitation since the M is 
intrinsically a high-power device. Also, MPDs are currently limited in their lifetime due to erosion of the 
electrodes; both lifetime and efficiency need to be improved. The high l sp (up to 10,000 lbf-s/lb m ) that may 
be required for Mars missions will require development of MPDs that can operate on low molecular weight 
propellants such as hydrogen. Finally, advanced thruster concepts, such as the ECR and ICR thrusters, require 
continuinQ basic research to dsrnonstrat© and charactoriz© thoir porformanc©. 



MMW EP SUMMARY 


Potential for Both Reduced IMLEO and Short Trip Time 

• Short Trip Times May Be Enabling for Piloted Mars Mission 

Mission Benefits Issues : 

• High Power (100 MWe Class) NEP Needed for Piloted Mars Missions 

• High Power NEP Lighter & Faster Than Similar Size SEP 
but NEP Requires Nuclear Operations & Infrastructure 

• Medium Power (10-100 MWe) Attractive for Cargo Missions 

• NEP and SEP Both Contenders 


• Current Work : 

• Nuclear : DoE/SDIO • Solar : LeRC and JPL 

• Ion : JPL and LeRC * MPD : JPL and LeRC 

• ECR : JPL/Caltech • ICR : MIT 

• Technology Needs : 

• Large Space Structures 

• Nuclear: MMW Reactor, Dynamic Conversion, Radiators 

• Solar: Lightweight, High Eff., Radiation Resistant Cell Blankets 

• Ion : High Power/Thruster, Ordinary Propellants 

• MPD : Lifetime (Erosion), Eff., High Isp 

• ECR, ICR : Basic Research to Demonstrate/Characterize 
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SOLAR SAILS 

Solar sails operate by using momentum exchange with solar photons; this amounts to a force of 9 
Newtons/km2 at , iu. As such, a solar sail has 'infinite" specific impulse, because it -ijjnre. no 
propellant, but it has a low acceleration resulting in long trip times. Also, solar sails a ^ e yp,ca ' y J 2 ' 

gossamer structures with dimensions of kilometers; for example, a typical solar sail ha 5 an area ° Qp 
Because of their light weight and 'infinite' l sp . solar sails represent the lightest advanced propulsion 

concept Solar sails are also potentially one of the most near-term of the APCs having been extensive y 
analvzed in the past The primary disadvantage of solar sails is their low acceleration, which results in 
ve^long trip times. Thus, solar sails are suited only to cargo missions, although for these missions they 

can provide major reductions in IMLEO. 

From a mission performance perspective, the long trip times of so^r safs represent a significant issue 
which must be resolved by mission planners. For example, the long trip timesiaf ect y u J e/arrjval 

lifetime requirements, but also the storage life requirements of the cargo. 9 

dates may also be complicated by the long trip times. 

One way to reduce the trip time is by eliminating the long planetary escape/capture spiral ® by baa ^ 9 M th ® 
sail at a high altitude, but this then requires an infrastructure of OTVs to ferry cargo from LEO (or low Ma s 
orbit) to the sai's orbit. In fact, this is required at Earth since a sail cannot achieve .uff»ent hrus, to 
overcome Jr drag at altitudes less than about 2000 km. Thus, the IMLEO shown m thefigure ^includes the 

OTV infrastructure required to transport sails and cargo from LEO to the sails operational altitude ( 

km). 

Another significant issue affecting the sail's performance is its method of construction^ 

the average areal density (grams per square meter) and ultimate acceleration of the sail. Fo ' e * am P le ' 

current sail technology. studied extensively by JPl tor a Halleys Comet rendezvous and 

of sails which would be deployed (un-folded) in orbit. This requires the use of a relatively thick sail and 

heavy support structure (booms, etc.), with a fairly high areal density (5 p/m 2 ), toisurv've fo ding on t 
ground, packaging for launch, and un-folding in orbit. If, however, the sail is assembled in orbl *' ba aa ^ 
film and support structure need not be as thick or heavy, since they do not need to survive the folding and 
un-folding of a sail assembled on the ground. This can result in a roughly five-fold reduction in area 
density fl but only with the addition of the additional infrastructure of a sail construction facility in LEO. 


Finally, if the sail material is fabricated in orbit, zero-gee manufacturing techniques can be used to 
ultra-thin materials and provide a twenty-five fold reduction in areal dana ' ty ^ 

Halley's Comet class sail. However, although deployable and assemblage Halleys Comet class sails are 
near ITerm s Jls "abricated in orbit are mid- to far-term, since the technology for zero-gee sail fabrication 

is yet to be developed. 

As mentioned earlier, deployable sails were studied extensively by JPL in the late 1970's for use in a 
Halley's Comet rendezvous mission. The only current solar sail technology work being pursued is by the 
World Space Foundation (WSF), a private organization. This group has built upon the work done by JPL, usi g 
many of the engineers involved in the earlier JPL activity. The WSF has constructed an engineering 
prototype square sail of 880 m2; they are in the process of securing space on a launch vehicle to perform a 
demonstration flight of their prototype sail. 

In the area of technology needs, deployable solar sails are relatively mature. There are still issues of 
Laics and control ol lard, space structures to b. -asolved. Those Issues would need to be resolved tor 
two types of potential sails: the square and the heliogyro sail, both of which were studied by J • 
square*sail ^simply a square film of sail material supported by booms and guy wires; the heliogyro saJ 
operates like a propeller with "propeller blades' of sail material unrolled from a central hub and stabilized 
by the centrifugal force of the spinning system. Both types of sails have different advantages and 
disadvantages that must be resolved by further study. 

A second area ol technology need is the development ol on-orbit assembly techniques, since “ s »”b |a “® 
sails provide such signilicant performance advantages over deployable sails. Fmally. in the lar-term the 
technotegy ol on-orbit zero-gee labrication ol sails Irom advanced materials wrll be reguued to realoe the 

ultimate in solar sail benefits. 
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TOTAL INITIAL MASS 
IN LEO (MT) 


JPL SOLAR SAILS 




Reduces IMLEO Since Infinite Isp, but at Cost of Long Trio Times 
• L' 9htest Near-Term APC (Interplanetary Supertanker) P 

' MARS CARGO MISSION (400 MT PAYLOAD) 

... _TmttlNMHl III . / 


1500 


1000 


+ 

. BASELINE 
I" CHEMICAL 
SYSTEM 


500 U 


ADVANCED SAIL 
(FABRICATE ON ORBIT) 


l*M ll I itM»l• t<»«tHill«* 

HALLEY COMET CLASS 
(DEPLOY ON ORBIT) 



2 3 4 

EARTH -> MARS TRIP TIME (YEARS) 

Mission Benefits Issues : 


• Long Trip Time (Lifetime) 

• Large Structure Deployed Versus Assembled On-Orbit 

• Impacts Sail Areal Density -> Trip Time 


• Current Work : 

' 5“ e, V s ' uded J t, y Jp L for Halley Comet Mission (1978-79) 

• World Space Foundation Engineering Prototype Sail (880 m2) 

• Technology Needs : 

Dynamics ^ (Square Versus Heliogyro Sails) 

• 2 n ; ,/* P e PL°y ment Versus Assembly Versus Fabrication 

• Materials for Advanced Sails 
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TETHERS 

Tether concepts for propulsion and power have been investigated within the last decide *° r a planetary 
space missions. Two classes of tether systems are electrodynamic tethers which interact with ^planetary 

magnetic field, and non-conducting tethers which interact with the grav ® ' ... . discussed below, 

which can be used for orbit raising and lowering or planetary escape and cap u 

Tethers can reduce IMLEO for the lunar and Mars SEI by reducing or i^Sfurla! 

propulsive maneuvers. For example, rotating tethers can be used in a p transferring cargo 

space that requires no propellant. In this system, the orbital angular momentum 

"up" out of the Earth's gravity well from LEO to the Moon is balanced by s ippi 9 relative to the 

LEO. (The rotating tether in lunar orbit rotates at a speed such that its tip missions tethers 

lunar surface, so that payloads can be dropped off or picked up on each ] jse outgo jn g traffic 

can be employed on Deimos and Phobos to lower incoming traffic to lowe • . h M escape 

to higher orbits. In fact, a 6100-km long tether on Deimos can provide an ou ou 

velocity. 

In terms of mission performance, one of the key issues associated with teth ®| ' S These 3 "stations" 

tether "stations" used to raise or lower the tether for orb.ta dep'oyment/ret.revaL ™ ese s 
typically consist of a power system, tether reel drive motors, structure, an ■ _ stat ; on j n the 

a free orbit, rather than based on a moon, propellant is required to re 'P° s '' bj , fter deploying a 

proper orbit after each cycle. For example, the tether station would drop to . the j r re-boost 

spacecraft outward. Typically, the infrastructure represented by the tether stat.ons ' 7^" 
propellants, as well as the mass of the vehicles used to transport the station . in or der to show 

(i.e., lunar orbit, Martian moons, etc.) must be amortized over many payload de iv ry y 

a benefit in IMLEO. 

Tethers can be used for a variety of applications. One system currently in devolopm©nt for aSpace' 

flight in the late 1990's will use a downward-deployed tether to lower a P robe materials technology 

For this mission, as well as most of the applications currently considered, no a nrnnnrt j es reauired for 
is required. State-of-the-art materials like Kevlar or Spectra have the physica Frop.* requ. ed Jor 
tethers in cis-lunar or Martian space. One area that does require further work is that of the dynamics 

control of large, flexible systems like tethers. 


TETHERS 


. Reduces IMLEO by Reducing / Eliminating Propulsive Maneuvers 
• Orbit Raising / Lowering and Planetary Escape / Capture 




EARTH 


LEO. \ 


MOON 


"« M* 









MARS 


..--'DEIMOS 




Rotating Tethers Can Function as 
Cis-Lunar Transportation System 
That Needs No Propulsion 


Tethers on Phobos & Deimos Can 
Capture / De-Orbit Landers and 
Pick-Up / Inject Return Vehicles 


Mission Benefits Issues : . 

• Infrastructure Set-Up for Tether "Stations Must be 

Amortized Over Many Cycles 
Current Work : 

• STS Demo for Upper Atmosphere Probe 

Technology Needs : 

• Dynamics / Control 

• Materials are SOA Kevlar or Spectra 
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EXTRATERRESTRIAL res ource utilization 

Extraterrestrial resource utilization (ETRU) can provide maior redt/ntinnc in imi m f,., 

^tri2s: s “° iTR°u“r b rs a t 

bolh lunar aM Mars mraarona. For example, several p,cesses ha., been ln.esti 9 a.ed lor proldno ox Jen 

r, ,l T S ';„! ^e “ 0 '" n, °" e 9 xt 6 nsivel l' •MM uses the mineral ilmenite (FeOTiO,) whip™ is 

about 10/. of the unar regolith, at feedstock. The ilmenite is chemically reduced by hydroaen oroducinn 

Sri's re n c.cled mUm dS ' ^ ' ,a,W " 8leC,ral ^ “ P, ° dU “ 

On Mars, carbon dioxide, the main component in the Martian atmosphere, is broken down into carbon monn*id« 
ana oxygen, in, oxygen ,s ,hen exl,acted Item the gas mixture Oy means el a sirSma memtan. ™"„t 
Zr° 2 ) has the property of transporting oxygen through its crystal lattice when a voltage is applied across 

S'eTaS ' K n ° l0 ° V iS CU " e " , ' , miK de '' 9l ° d '" e "< »y the DoE tor extraction ol oxygenTom 

If water is available on the Moon (at the lunar poles, etc.) or Mars fDermafrost noiar M „ci ■, 

rsi isssis rrr Snrss.t stii 


As with several of the advanced concepts discussed above, the benefits of ETRU deoend heavilv nn ih« 

«?= e,cT s ^r Smsrs r,;sKS* 

the Moon (ilmenite, water) and Mars (water). M resource locations on 


Current work in the area of ETRU processing includes Johnson Space Center 
production concepts and a University of Arizona project to develop and build a 


(JSC) studies of lunar oxygen 
breadboard system to produce 


oxygen from a‘.simulated Martian atmosphere. Thrusters capable of using propellants derived from ETRU 
systems (e.g., high-O/F O 2 /H 2 , O 2 /CH 4 , O 2 /CO, etc.) are under development at LeRC. 

Continued thruster development is required to resolve many of the unique technology issues associated with 
thrusters designed to use unconventional ETRU-produced propellants. These include cooling cokina and 

ETRu" o£.Sn“n ^ ^ SOme P ° ,entia ' ETR,J -P rod ^ed fuels are solid materials. For the 

ETRU production processes, it is necessary to demonstrate the various candidate processes with the 

appropriate simulated ET resource, in order to evaluate efficiencies, power requirements lifetimes and 

closure for the various systems. With this information, it will then be possible to select a preferred system 

or use on the Moon or Mars. For lunar regolith- based systems, it will also be necessary to deveToo 

FmaMv °FTRi 1 ° r ° W ’ ? ee S011 . movin 9 (scooping, digging, etc.) and beneficiation (mineral separation) 

a y> ^ TRU process factories will need technologies common to a variety of SEI applications includino 
power, thermal control (refrigeration), and construction. «PP»«Hions, including 
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RESOURCE UTILIZATION 


• Provides Major Reduction in IMLEO by Producing Propellants, 
etc., from Local Materials 


Moon : 02 from H2 Reduction of llmenite (FeOTiQ21 Mars ; QZ from, QQ2 



LUNAR REGOLITH 
WASTED 


BENEFIC 


ILMENITE 


H20 




02 
H 2 


WATER 

ELECTROLYSIS 


1 


C02 

CO 


ATION 


SLAG (Fe, TI02) 


r + 


co 
♦ 

02H 


02 


ZIRCONIA 

MEMBRANE 


02 


• Mission Benefits Issues : 

• Infrastructure ("Factory”), Closure (Imports) 

• Precursor Missions to Locate Resources (llmenite, Water) 


• Current Work : 

• ET Propellant Thruster Development at LeRC 

• JSC-Funded Studies of Lunar 02 Production Concepts 

• U of Arizona Breadboard Demo of Mars C02/02 System 

• Technology Needs : 

• Demo Thrusters With Unconventional ET Propellants 

• Demo Processes w/ Simulated Resource 

• Efficiencies, Power, Closure 

• For Moon : Demo Digging, Scooping, Beneficiation, etc. 

• Related Technologies : Power, Refrigeration, Construction 
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SUMMARY 


ii (oth ® h ® advanced propulsion concept discussed in this presentation. MMW class NEP and SEP solar 

class NEP k th« ^ reS ° Ur ° e utlllzatl0n can a significant impact on the lunar and Mars SEI. loo' MW e 

dass NEP .s the only near-term concept that appears capable of providing the one-year round-trip time that 

may be required for a piloted Mars mission. At powers of tens of megawatts. NEP and SEP aro both 

jva? izi snr. S 

a?? lino's 1 s r.’r r: a ‘poll p N 4 p r lc,e n “ te “ p - r s > s, °" ^ •* • 

Solar sails are the lightest, but also slowest transportation system for cargo missions Their benefit will 

M,„n ■ Un r 'T" lmporla ''« <* '“LEO as compared 10 trip time. ln«restino!y ZhLb' 

(Halleys Comet class) sails are potentially the most near-term of the APCs discussed here. ' * 

m!«rn^ and n n eX r aterr fh trial K reS ? UrCe utilization can show significant benefits for both lunar and Mars 
missons. However, their benefit does depend on the infrastructure (tether stations, process factories 

' '' a * ,rans P or,a,l ° n and set-up) required for their operation. In both cases, the infrastructure must be 
amortized over many usage cycles. For the ETRU processes, propellants, especially oxygen will be produced 
in the near-term. As the technology matures, other materials (structures, etc.) can be produced However 

Smdurf?«n° J V?, °manipulate large quantities of lunar regolith, the technolog P y for lunar oxygen 
production will tend to be more complex than that for martian oxygen production which requires onlv 
atmospheric carbon dioxide as its feedstock. cn rec > uires only 


SUMMARY 


• 100 MWe Class NEP May Enable 1-Year Round-Trip for 
Piloted Mars Missions 


• NEP and SEP Competitors at < 100 MWe Levels for 
Cargo Missions or Split Piloted Missions 

• Benefit Depends on Power System and Thruster Performance 

• Low Specific Mass Needed; High Isp Desirable 

• NEP Synergistic with DoE/SDI MMW Space Nuclear Power 
• Solar Sails Lightest Transportation System, but also Slowest 


• Benefit Depends on Importance of IMLEO Versus Trip Time 

• Deployable (Halley Comet Class) Sails Very Near Term 
Tethers May Show IMLEO Benefits for Large Missions 

• "Amortize" Infrastructure Over Many Operational Cycles 

5®f° urc . e 1 Utl, *zation Can Provide Propellants in the Near Term 
and Other Useful Products in the Far Term 


• Lunar Process Complex, Mars Process Simple 
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CONCLUSIONS 


The advanced propulsion concept discussed above can be developed to meet the schedule of SEI missions in 
the first quarter of the 21st Century. Out of all of these concepts, MMW space power (solar and nuclear) and 
high- power electric thrusters stand out as two technologies that can significantly enhance and potentially 
enable a wide variety of piloted SEI missions. However, a major study effort is needed soon to characterize 
and compare these concepts for SEI missions. This will make it possible to select the best concept(s) and 
plan the technology development effort required to meet the SEI schedules. Once selected, the tota 
technology development cost for any one concept is likely to be in the $100M to $1B range. Although this is a 
non-trivial development cost which may be necessary for several technologies, it should be remembered that 
the savings in IMLEO made possible by this advanced technology will off-set these costs. For example, at a 
launch cost of $1M per metric ton to LEO (one-tenth the current launch costs), a single Mars cargo mission 
would save as much in launch costs using an advanced propulsion concept as the costs of developing that 
concept. Finally, continuous support at the $1M to $5M per year level is essential to maintain basic research 
on the very advanced concepts which will be required for large-scale solar system exploration and 
exploration missions in the post-2025 era. 


JPL CONCLUSIONS 


• The Advanced Propulsion Concepts Discussed Above 
Can Be Developed in Time for SEI Missions in the First 
Quarter of the 21st Century 


• MMW Space Power and Advanced High-Power Electric 
Thrusters Stand Out as Important Technologies That Can 
Enable a Wide Variety of SEI Missions 


• A Major Study Effort Is Needed Soon to Select Among the 
Concepts and to Plan the Technology Development Effort 


• Once Selected, the Total Technology Development Cost for 
Any One Concept Likely to Be in the $0.1-1 B Range 


• Support at the $1-5M per Year Level Needed for Basic Research 
on the Very Advanced Concepts Which Will Be Required 
for Missions in the Post-2025 Era 
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SECTION 1.5 


FOREIGN TECHNOLOGY 
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PRESENTATION 1.5.1 


JAPANESE TECHNOLOGY 
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